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Abstract

This review presents a critical analysis of covalently and ionically crosslinked chitosan hydrogels and related networks for medical or

pharmaceutical applications. The structural basis of these hydrogels is discussed with reference to the specific chemical interactions, which

dictate gel formation. The synthesis and chemistry of these hydrogels is discussed using specific pharmaceutical examples. Covalent

crosslinking leads to formation of hydrogels with a permanent network structure, since irreversible chemical links are formed. This type of

linkage allows absorption of water and/or bioactive compounds without dissolution and permits drug release by diffusion. pH-controlled drug

delivery is made possible by the addition of another polymer. Ionically crosslinked hydrogels are generally considered as biocompatible and

well-tolerated. Their non-permanent network is formed by reversible links. Ionically crosslinked chitosan hydrogels exhibit a higher swelling

sensitivity to pH changes compared to covalently crosslinked chitosan hydrogels. This extends their potential application, since dissolution

can occur in extreme acidic or basic pH conditions.

q 2003 Published by Elsevier B.V.
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1. Introduction

Chitosan is a copolymer of b-(1 ! 4)-linked 2-aceta-

mido-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-

glucopyranose. This polycationic biopolymer is generally

obtained by alkaline deacetylation from chitin, which is the

main component of the exoskeleton of crustaceans, such as

shrimps [1]. The main parameters influencing the charac-

teristics of chitosan are its molecular weight (MW) and

degree of deacetylation (DD), representing the proportion of

deacetylated units. These parameters are determined by the

conditions set during preparation. Moreover, they can be

further modified. For example, the DD can be lowered by

reacetylation [2] and MW can be lowered by acidic

depolymerisation [3].

Chitosan is currently receiving a great deal of interest for

medical and pharmaceutical applications. The main reasons

for this increasing attention are certainly its interesting

intrinsic properties. Indeed, chitosan is known for being

biocompatible allowing its use in various medical appli-

cations such as topical ocular application [4], implantation

[5] or injection [6]. Moreover, chitosan is metabolised by

certain human enzymes, especially lysozyme, and is

considered as biodegradable [7,8]. In addition, it has been

reported that chitosan acts as a penetration enhancer by

opening epithelial tight-junctions [9,10]. Due to its positive

charges at physiological pH, chitosan is also bioadhesive,

which increases retention at the site of application [11,12].

Chitosan also promotes wound-healing [13,14] and has

bacteriostatic effects [15,16]. Finally, chitosan is very

abundant, and its production is of low cost and ecologically

interesting [17]. In medical and pharmaceutical appli-

cations, chitosan is used as a component in hydrogels.

This review is focused on chitosan hydrogels intended

for medical or pharmaceutical applications. There are
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several possible definitions of a hydrogel; we will use the

one given by Peppas [18] who defined hydrogels as

macromolecular networks swollen in water or biological

fluids. Examples of networks related to hydrogels that

correspond to this definition will also be introduced. Due to

the various possible definitions of a hydrogel, different

methods of classification are possible. Based on the

definition given here, hydrogels are often divided into

three classes depending on the nature of their network,

namely entangled networks, covalently crosslinked net-

works and networks formed by secondary interactions. The

latter class contains all the intermediary cases situated

between the two other classes representing the extremes

[19]. However, with respect to chitosan hydrogels, this

classification is not entirely suitable. Certainly, there are no

strict borders between these classes, but there is a continuum

of various gels ranging from entangled chitosan hydrogels

to covalently crosslinked chitosan hydrogels. Therefore, we

suggest the following modified classification for chitosan

hydrogels, i.e. the separation of chemical and physical

hydrogels. Chemical hydrogels are formed by irreversible

covalent links, as in covalently crosslinked chitosan

hydrogels. Physical hydrogels are formed by various

reversible links. These can be ionic interactions as in

ionically crosslinked hydrogels and polyelectrolyte com-

plexes (PEC), or secondary interactions as in chitosan/

poly(vinyl alcohol) (PVA) complexed hydrogels, grafted

chitosan hydrogels and entangled hydrogels. The latter are

formed by solubilisation of chitosan in an acidic aqueous

medium [4,20,21], which is the simplest way to prepare a

chitosan hydrogel. Entangled chitosan hydrogels will not be

discussed further in this review, as they are limited by their

lack of mechanical strength and their tendency to dissolve.

Moreover, they do not exhibit characteristics that allow drug

delivery to be efficiently controlled—such as the modifi-

cation of their properties in response to changes in their

physicochemical environment, such as pH or temperature.

The present review is exclusively concerned with

chitosan hydrogels formed by the addition of a crosslinker,

namely covalently or ionically crosslinked hydrogels. A

second review, entitled ‘Structure and interactions in

chitosan hydrogels formed by complexation or aggregation

for biomedical applications’ will discuss hydrogels formed

by direct interaction between polymeric chains, without the

addition of crosslinkers. They can be formed by complexa-

tion with another polymer, generally ionic, or by aggrega-

tion after chitosan grafting [22]. In crosslinked hydrogels,

polymeric chains are interconnected by crosslinkers, lead-

ing to the formation of a 3D network (Fig. 1). Crosslinkers

are molecules of MW much smaller than the MW of the

chains between two consecutive crosslinks [23]. The

properties of crosslinked hydrogels depend mainly on

their crosslinking density, namely the ratio of moles of

crosslinking agent to the moles of polymer repeating units

[23]. Moreover, a critical number of crosslinks per chain is

required to allow the formation of a network, such as that of

Fig. 1. Structure of chitosan hydrogels formed by (a) chitosan crosslinked with itself; (b) hybrid polymer network; (c) semi-interpenetrating network; (d) ionic

crosslinking; , covalent crosslinker; þ , positive charge of chitosan; , chitosan; , additional polymer; , charged ionic crosslinker; , ionic

interaction.
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a hydrogel [24]. Depending on the nature of the crosslinker,

the main interactions forming the network are covalent or

ionic bonds. The structures and interactions forming the

covalently and ionically crosslinked hydrogels will be

presented, their principles of formation and properties will

be considered and examples of medical or pharmaceutical

applications will be given. Their potential biocompatibility

will be discussed, although some examples will refer to

systems that are still in development, while others have

already been tested in animals. To date, only one hydrogel

presented in this review has been tested in humans.

Consequently, their potential biocompatibility will some-

times be evaluated based on the intrinsic biocompatibility of

their components.

2. Covalently crosslinked chitosan hydrogels

2.1. Structure and interactions

Hydrogels based on covalently crosslinked chitosan can

be divided into three types with respect to their structure:

chitosan crosslinked with itself (Fig. 1a), hybrid polymer

networks (HPN) (Fig. 1b) and semi- or full-interpenetrating

polymer networks (IPN) (Fig. 1c). The simplest structure

presented here is chitosan crosslinked with itself. As

represented in Fig. 1a, crosslinking involves two structural

units that may or may not belong to the same chitosan

polymeric chain [25]. The final structure of such a hydrogel

could be considered as a crosslinked gel network dissolved

in a second entangled network formed by chitosan chains of

restricted mobility [26]. In hydrogels formed by a HPN, the

crosslinking reaction occurs between a structural unit of a

chitosan chain and a structural unit of a polymeric chain of

another type (Fig. 1b), even if crosslinking of two structural

units of the same type and/or belonging to the same

polymeric chain cannot be excluded. Finally, semi- or full-

IPNs contain a non-reacting polymer added to the chitosan

solution before crosslinking. This leads to the formation of a

crosslinked chitosan network in which the non-reacting

polymer is entrapped (semi-IPN). It is also possible to

further crosslink this additional polymer in order to have

two entangled crosslinked networks forming a full-IPN,

whose microstructure and properties can be quite different

from its corresponding semi-IPN [27].

In each of the three types of structures, covalent bonds

are the main interactions that form the networks, but other

interactions cannot be excluded. Indeed, secondary inter-

actions, such as hydrogen bridges and hydrophobic

interactions, occur between acetylated units of chitosan

and lead to a more solid-like gel if the DD is low enough

[28], but as crosslinking density increases, covalent bonds

tend to become predominant. When another polymer is

included, additional secondary interactions between this

polymer and chitosan arise and participate in the formation

of the hydrogel. For example, strong intermolecular

hydrogen bonds are formed in the case of HPN with

gelatine [29] or in semi-IPN with polyether [30,31], silk

fibroin [32] or PEO [33].

Finally, it should be noted that the crosslinking reaction

can induce a conformational change of chitosan, as

observed by NMR with 1,1,3,3-tetramethoxypropane [34]

and glutaraldehyde [25]. However, the influence of this

change on the properties of hydrogels is not yet clearly

understood and requires further investigation.

2.2. Principles of formation

Preparation of a hydrogel containing a covalently

crosslinked chitosan minimally requires chitosan and a

crosslinker in an appropriate solvent, usually water. Other

components can be added, such as additional polymers to

form a HPN or a semi- or full-IPN. Auxiliary molecules can

also be used to catalyse or initiate reactions during the

preparation of the network.

Crosslinkers are molecules with at least two reactive

functional groups that allow the formation of bridges

between polymeric chains [22]. To date, the most common

crosslinkers used with chitosan are dialdehydes such as

glyoxal [33,35] and in particular glutaraldehyde [36–38].

Their reaction with chitosan is well-documented; the

aldehyde groups form covalent imine bonds with the

amino groups of chitosan, due to the resonance established

with adjacent double ethylenic bonds [25,39] via a Schiff

reaction. However, links with hydroxyl groups of chitosan

cannot be excluded [40]. Dialdehydes allow direct reaction

in aqueous media, under mild conditions and without the

addition of auxiliary molecules such as reducers [26,33,41,

42], which is advantageous with respect to biocompatibility.

However, the main drawback of dialdehydes such as

glutaraldehyde is that they are generally considered to be

toxic [43,44]. For example, glutaraldehyde is known to be

neurotoxic, its fate in the human body is not fully

understood [45] and glyoxal is known to be mutagenic

[46]. Therefore, even if hydrogels are purified before

administration, the presence of free unreacted dialdehydes

in hydrogels could not be completely excluded and may

induce toxic effects. Other covalent crosslinkers for chitosan

have been investigated as alternatives. Besides dialdehydes,

crosslinkers such as diethyl squarate [47], oxalic acid [48] or

genipin [49] can exhibit direct crosslinking mechanisms,

although they remain incompletely elucidated. However,

there is a lack of data regarding the biocompatibility of

diethyl squarate, while oxalic acid [48] has shown in vitro

toxicity in rats [50]. The use of genipin is an interesting

alternative to dialdehydes. It is a naturally occurring

material, which is commonly used in herbal medicine and

as a food dye [51]. The biocompatibility of genipin in

humans has not been assessed yet, but it is not cytotoxic in

vitro [52] and has been shown to be biocompatible after

injection in rats [51]. Another approach is the formation of

covalently linked networks, close to HPN, by use of
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functionalised, water soluble, biocompatible polymers. Due

to their high MW, these functionalised polymers do not

correspond to the definition of crosslinkers used here.

However, as they were specially developed to crosslink

chitosan and as the properties and applications of the

hydrogels they form with chitosan are similar to those of

covalently crosslinked chitosan hydrogels, they are dis-

cussed here. Such functionalised biopolymers can be

poly(ethylene glycol) (PEG) diacrylate [53], oxidised

b-cyclodextrin [54], telechelic-PVA [54] or dialdehydes

derived from PEG [55] or scleroglucan [56]. However, even

if these products are known to be biocompatible before

functionalisation, data concerning the biocompatibility of

their functionalised derivatives are lacking. Consequently,

further investigation into their role as crosslinkers is not

warranted unless their use in humans is demonstrated to be

risk-free.

As the HPN and IPN hydrogels presented below usually

require the addition of dialdehydes as crosslinkers, their

substitution by more biocompatible compounds should also

be studied. The preparation of a HPN requires the use of

additional polymers that bear reactive groups, able to

undergo crosslinking with chitosan. For example, these can

be gelatine, collagen or a silylating agent, which all bear

amine groups that are crosslinked via glutaraldehyde with

the amine groups of chitosan [29,57]. For the preparation of

a semi-IPN, polymers without functional groups that are

able to react with the crosslinker are used. Examples are

polyether [58–60], poly(vinyl pyrrolidone) (PVP) [61], silk

fibroin [32], PEO [33], poly(N-isopropylacrylamide) [42]

and PEG [60]. The latter two polymers can also serve for the

preparation of a full-IPN [27,60]. The incorporation of an

additional polymer allows the preparation of pH-sensitive

swelling systems [31–33,62–64], a characteristic that

depends on the hydrophilicity of the added polymer (see

swelling and drug release section). Therefore, one should

pay particular attention to its choice.

Direct crosslinking in aqueous media is of course

desirable, but the addition of potentially toxic auxiliary

molecules is often required to initiate or catalyse poly-

merisation or crosslinking. For example, this is the case with

the use of 2,2-dimethoxy-2-phenyl acetophenone to initiate

copolymerisation of PEG during full-IPN formation [60], or

with sodium cyanoborohydride, the most common grafting

catalyst [22], used to promote the crosslinking reaction with

1,1,3,3-tetramethoxypropane [34], functionalised PVA [54],

functionalised scleroglucan [56] or functionalised PEG [55].

These auxiliary molecules are found in traces in the final

product. Since their fate in the human body is not clearly

known, their use in medical and pharmaceutical appli-

cations in humans may be limited.

The formation of a full-IPN requires crosslinking of the

additional polymer. This can be performed by UV irra-

diation to polymerise and crosslink PEG macromers [60] or

by the addition of a second crosslinker, such as methylene

bis-acrylamide to crosslink poly(N-isopropylacrylamide)

networks [27]. However, the addition of a second cross-

linker certainly decreases the biocompatibility.

Covalent crosslinking can also be performed after

polyelectrolyte complexation with chondroitin sulfate

[65], collagen [66], poly(acrylic acid) (PAA) [67] or xylan

[68]. In addition, chitosan/PVA complexes [69,70] and

grafted chitosan networks of poly(N-isopropylacrylamide)-

[71], fructose- [72] or N,O-carboxymethyl–chitosan [73]

can be crosslinked. In these cases, crosslinking is added in

order to reinforce the complexed network and to avoid

dissolution during swelling [22].

It is important to characterise the conditions of the

crosslinking reaction, since they determine and allow the

modulation of the crosslinking density, which is the main

parameter influencing interesting properties of hydrogels

such as drug release and mechanical strength. Covalent

crosslinking, and therefore the crosslinking density, is

influenced by various parameters, but mainly dominated

by the concentration of covalent crosslinker, such as

glutaraldehyde [26,36,74]. It is favoured when chitosan

MW [74] and temperature increase [74,75]. Moreover, since

crosslinking requires mainly deacetylated reactive units, a

high DD of chitosan is favourable [28]. Obviously,

crosslinking reactions are also influenced by their duration

[75]. As the main parameters influencing crosslinking

density have been identified, the possibilities of monitoring

reaction during hydrogel formation should now be investi-

gated to facilitate the development of tailor-made

hydrogels.

2.3. Properties and medical applications

Covalent crosslinking leads to the formation of a

permanent network allowing the free diffusion of water

and enhancing the mechanical properties of the gel. As a

result of these interesting characteristics, covalently cross-

linked chitosan hydrogels have two main applications,

namely as drug delivery systems allowing release of

bioactive materials by diffusion and as permanent networks

used, for example, as scaffolds in cell culture. It should be

noted that the biocompatibility of the following examples

has not yet been assessed and that due to traces of

potentially toxic free auxiliary molecules or crosslinkers,

the administration of such systems in humans may be

problematic.

2.3.1. Swelling and drug release

Whatever the type of structure, networks containing

covalently crosslinked chitosan are considered as porous

[29,55,61,76]. This term is used to describe networks

containing free water that can diffuse through the hydrogel.

Due to these pores, covalently crosslinked chitosan hydro-

gels can be used as drug delivery systems from which drugs

are released by diffusion [77]. Indeed, as a result of the

increase or decrease of the swelling ratio, we can expect the

mesh size of the network to also increase or decrease
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considerably. The swelling ratio change of chitosans

translates into a change in the mesh size of the gel, which

modulates drug release.

In order to calculate the mesh size from the equilibrium

swelling data (determined as explained below), the Peppas–

Merrill equation is used to determine the number average

molecular weight between crosslinks, �Mc:

1
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¼
2
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where �Mn is the number average molecular weight of the

uncross-linked polymer, �y is the specific volume of the

polymer, V1 is the molar volume of the swelling medium

( ¼ 18 cm3/mol for water), y2,r is the polymer volume

fraction after crosslinking but prior to swelling (the relaxed

polymer volume fraction), y2,s is the polymer volume

fraction after equilibrium swelling (the swollen polymer

volume fraction), and x1 is the Flory polymer–solvent

interaction parameter. The values of y2,r and y2,s are

determined by using the following relationships:

y 2;r ¼
Vd

Vr

ð2Þ

y 2;s ¼
Vd

Vs

ð3Þ

From the molecular weight between crosslinks, the

number of links between two crosslinks, n, is calculated as

n ¼
2 �Mc

Mr

ð4Þ

where Mr is the average molecular weight of the repeating

unit. The value of the root mean squared end-to-end distance

of the polymer chain in the freely jointed state is calculated

by using Eq. (8):
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where ‘ is the carbon–carbon bond length. The root mean

squared end-to-end distance of the polymer chain in the

unperturbed state was calculated as
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where Cn is the Flory characteristic ratio or rigidity factor of

the polymer. Finally the mesh size of the polymer network,

j, was determined from Eq. (7):

j ¼ y21=3
2;s ð�r2

0Þ
1=2 ð7Þ

Diffusion depends mainly on the crosslinking density,

which is determined by the reaction parameters, therefore

the latter can be used to monitor drug release [38,78]. The

polymeric chains form a network containing many pores

filled with small molecules such as water, which can be free

[41] or bound to the hydrophilic groups of the network [79].

Lightly crosslinked systems form super adsorbing hydrogels

in which crosslinking gives rise to a continuum of free water

[79]. As the crosslinking density increases, water content,

swelling capacity [80] and the mesh size of the network

decrease. Indeed, increasing the amount of crosslinker

decreases the ability of chitosan to form hydrogen bonds

with water molecules [36]. Moreover, the higher the

crosslinking density, the lower the swelling ability of

chitosan hydrogels due to the slower relaxation time of the

polymeric chains, which results in a decreased drug-release

rate [74]. However, regardless of the crosslinking density,

free molecules and free water can always move within the

structure through pores and be released out of the gel [81].

The analysis of swelling ratios and equilibrium or

dynamic swelling behaviour also allows one to gain insight

into the drug release behaviour from the network. This can

be determined on dried hydrogels disks weighed in air and

in n-heptane and then placed in phosphate–citrate buffer

solutions of pH values between 2.2 and 8.0 at 37 8C. The

ionic strength of each buffer solution is adjusted to

0.5 M. After swelling, the samples are taken out of the

buffer solutions, blotted to remove surface water and

weighed in air and in n-heptane.

The weight swelling ratio, q, and the volume swelling

ratio, Q, are calculated using Eqs. (8) and (9):

q ¼
Ws

Wd

ð8Þ

Here, Ws is the weight of the swollen hydrogel and Wd is

the weight of the initially dry hydrogel. Also,

Q ¼
Vs

Vd

ð9Þ

where Vs is the volume of the swollen hydrogel and Vd is the

volume of the initially dry hydrogel. The volume of

the hydrogel in the swollen or dry state is obtained by

determining its weight in air and in n-heptane, a non-solvent

for the polymer, and calculated using the buoyancy

principle with Eq. (10):

V ¼
Wa 2 Wh

rh

ð10Þ

Here, V is the volume of the polymer, Wa is the weight of

the polymer in air, Wh is the weight of the polymer in

n-heptane, and rh is the density of n-heptane ( ¼ 0.684 g/

cm3). To examine the equilibrium swelling behaviour, dried

hydrogel disks were weighed and placed in the buffer

solutions. Equilibrium swelling can be determined when the

weight of the swollen hydrogels reaches constant value

(^1%). To determine the dynamic swelling behaviour,

dried hydrogel disks are weighed and placed in buffer

solutions. The disks are taken out of the buffer, blotted to

remove surface water and weighed at specified time

intervals.

Oscillatory swelling experiments can be performed to

investigate the reversibility of the swelling/deswelling
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process of the polymer networks with respect to the

environmental pH change. Dried hydrogel disks are swollen

in a buffer solution of pH 7.0, then placed in a buffer

solution of pH 2.2, and returned to a buffer solution of pH

7.0, and finally collapsed in a buffer solution of pH 2.2

again. At each step, the weights of the hydrogel disks are

measured at specified time intervals. In these experiments,

the pH values of the two solutions are chosen so that one

solution is above the transition point of the gel, while the

other solution is below the transition.

Diffusion is also influenced by the nature of the

crosslinker. The chemical nature and length of the bridging

units of the crosslinker influence porosity, water uptake and

swelling [54,82]. For example, 1,1,3,3-tetramethoxypro-

pane enhances the hydrophilicity of the network [34], PEG-

diacrylate improves swelling [53] and depending on the

length of PEG-dialdehyde, the hydrophilicity of the network

and its swelling are modified [55]. Swelling and diffusion

are also influenced by the hydrophilicity of the additional

polymer. Indeed, the incorporation of a hydrophobic water-

repelling polymer, such as polyether [31], decreases

swelling volume and kinetics. This increase in hydropho-

bicity decreases the proportion of water bound to the

polymeric matrix and increases the volume of free water and

its mobility, as with the incorporation of poly(oxypropylene

glycol) containing hydrophobic moieties [59]. In contrast,

the addition of a hydrophilic polymer such as silk fibroin

[32], poly(ethylene oxide) (PEO) [33], PVP [63] or PAA

[64] increases water uptake and swelling. Consequently, in

addition to crosslinking density, the physicochemical nature

of the crosslinker and that of any additional polymer allow

modulation of drug release and extend the range of potential

applications of such hydrogels.

In hydrogels formed by chitosan crosslinked with itself,

release is mostly controlled by the crosslinking density;

consequently, the higher the crosslinking density, the lower

the release rate [38,77,78,83]. However, other system

parameters, such as drug concentration [78] often play a

major role. To our knowledge, there are no examples of

hydrogels formed by chitosan crosslinked with itself that

exhibit pH-sensitive swelling. Indeed, the numerous inter-

chain interactions formed by crosslinking inhibit swelling,

since most of the amino groups of chitosan must have

reacted with the crosslinker. Such systems do not present a

release profile that can be further modulated after

administration, for example, drug release cannot be targeted

in the gastro-intestinal tract, which limits their range of

application. The incorporation of an additional polymer,

whose hydrophilicity is different from chitosan, allows pH-

and ion-sensitive swelling in acidic conditions [84]. The

additional polymer should perturb covalent crosslinking

between chitosan chains, hence, decreasing crosslinking

density and making available more protonable amino

groups. This pH-sensitive swelling in an acidic environment

allows the preparation of controlled drug delivery systems,

the release from which is modulated by the crosslinking

density and the pH of the medium. The mechanism of pH-

sensitive swelling involves protonation of the amino groups

of chitosan when the pH decreases. This protonation leads to

chain repulsion, diffusion of proton and counter-ions

together with water inside the gel and dissociation of

secondary interactions [84] allowing swelling (Fig. 2). This

dissociation, together with increased hydrophilicity, can

explain the higher swelling degree of a semi-IPN hydrogel,

containing a hydrophilic polymer. Such systems present a

higher versatility than hydrogels formed by chitosan

crosslinked with itself, but their higher swelling degree

can lead to dissolution of the gel, as in the case of a semi-

IPN containing a polyether [85]. To avoid dissolution,

swelling can be reduced by an increase of the crosslinking

density and/or by changing the nature of the crosslinker. For

example, hydroxypropylcellulose and crosslinked chitosan

semi-IPN are less soluble in water when crosslinked with

Fig. 2. pH-sensitive swelling of a semi-interpenetrating polymer network

containing a crosslinked chitosan; , covalent crosslinker; þ , positive

charge of chitosan; , chitosan; , additional polymer.
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glutaraldehyde rather than glyoxal [86]. Moreover, incor-

poration of an additional polymer can also induce important

but non-pH-dependent swelling, e.g. polyacrylamide [76],

or temperature-sensitive swelling, e.g. poly(N-isopropyla-

crylamide) [87]. However, the potential applications of

these systems still need to be further investigated.

2.3.2. Examples of drug delivery systems

Systems formed by chitosan crosslinked with itself are

used as drug delivery systems due to the possibility of drug

diffusion. A variety of such networks related to hydrogels

are listed in Table 1. Examples are transdermal drug

delivery systems for the delivery of oxprenolol HCl [78] or

propanolol HCl [88], fibres for the release of 5-fluorouracil

[38] or gel beads for the controlled release of indomethacin

[89]. It should be noted that the use of genipin allows the

preparation of injectable or implantable hydrogels that

exhibit in vivo biocompatibility in rats [51,90]. To our

knowledge, this is the only hydrogel presented here that

exhibits such characteristics.

There are only a few examples of HPN drug delivery

systems (Table 2). On the other hand, semi- or full-IPN

allow the preparation of various systems (Table 3) that can,

for example, be employed for the administration of

antibiotics, such as amoxicillin [35,61,76]. Moreover, in

the treatment of gastric ulcers, chitosan combines its

antiulcer properties with the activity of an antacid drug,

such as cimetidine [85]. Finally, the addition of PEG allows

the formation of an oral sustained delivery system with high

drug-loading capacity [91]. Note that some hydrogels given

Table 1

Systems formed by crosslinked chitosan

Crosslinker Controlled release systems Biomedical applications

Dialdehyde Glutaraldehyde Membranes for controlled delivery of

riboflavin [36].

Scaffold for hepatocyte attachment [97].

Transdermal delivery of oxprenolol HCl [78] Scaffold for the immobilisation of enzymes

or propanolol HCl [88]. producing dextranase [126] or of tyrosinase

for the production of L-DOPA [127].

Fibres for 5-fluorouracil release [38]. Gel particles for sorption of heavy

metals [94].

Freeze-dried microspheres for release of

goserelin [125].

Film for the fabrication of an amperometric glucose

biosensor [128].

Conjugate for oral administration of oxalate-oxidase [92].

Hydrogel for immobilisation of enzymes in food

processing industry [105].

Biocatalytic hydrogels conjugated with laccase [100].

Water resistant bioadhesive [37].

Material supporting nerve repair [129].

Oral phosphate binder [130].

PEG dialdehyde diethyl acetal n.r. Biocompatible and biodegradable wound dressing

material [55].

Formaldehyde Matrices for sustained release of n.r.

rifampicin [83].

Various Genipin Injectable microspheres [51]. Biocompatible and biodegradable materials for use

as implants, blood

Gel beads for the controlled release of substitutes or wound dressing material [131].

indomethacin [89].

Oxalic acid Transdermal drug delivery system [132]. n.r.

n.r., no reference available.

Table 2

Systems based on hybrid polymer networks containing chitosan and glutaraldehyde as crosslinker

Additional polymer Controlled release system Biomedical applications

Gelatine Hydrogels for the controlled release Biocompatible and biodegradable materials for use as implants,

of levamisole, chloramphenicol or blood substitutes or wound dressing material [133].

cimetidine [39]. Matrix containing hydroxyapatite as bone-replacing composite [29].

Material supporting nerve repair [129].

Collagen n.r. Scaffold for culture of human epidermoid carcinoma cells and test of

anticancer drugs [102].

Silylating agent n.r. Hydrogels for enzyme immobilisation or copper adsorption [57].

n.r., no reference available.
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as examples in the following tables have already been tested

in vitro for drug delivery, while others only represent

potential drug delivery systems.

2.3.3. Enhanced mechanical strength and cell or enzyme

immobilisation

The enhanced mechanical strength induced by covalent

crosslinking and secondary interactions allows various uses

that are not possible with systems containing only entangled

chitosan. This enhanced mechanical strength together with

the good absorption properties of crosslinked chitosan

networks [92] are mainly interesting for cell or enzyme

immobilisation. This good absorption property is also

interesting in ion sorption, for example, for the removal of

heavy metals from water [93–95]. For this purpose, the

crosslinker can also play an active role in the network, e.g.

glutaraldehyde that participates in heavy metal ion sorption

via free aldehyde groups [96].

As listed in Table 1, chitosan crosslinked with itself by

glutaraldehyde forms hydrogels that can be used as scaffolds

in hepatocyte attachment [97]. They can also serve to

immobilise enzymes. The activity of enzymes can be further

improved by substitution of glutaraldehyde with alternative

crosslinkers, such as tris(hydroxymethyl)phosphine [98] or

by crosslinking after the addition of the enzymes allowing

improved repartition [99]. Moreover, it is possible to

conjugate enzymes, such as laccase, with chitosan, which

improves the stability and activity of enzymes at extreme

acidic or basic pH [100].

Since collagen is found in skin and bone matrix, a HPN

containing chitosan and collagen presents biological and

mechanical benefits for use as a cellular scaffold [101]. For

example, crosslinking chitosan and collagen allows the

preparation of a scaffold for human epidermoid carcinoma

cell cultures [102]. Moreover, addition of hydroxyapatite

forms a bone-replacing porous material [29]. Additional

examples are given in Table 2.

Formation of a semi-IPN allows modification of the

physico–mechanical properties of a hydrogel. For example,

addition of a polyether [30], such as a PEO [33] increases

the flexibility of the gel, while the viscoelastic nature of

PVP enhances the mechanical strength [63]. These

improved physico–mechanical properties are useful in

various applications, as for the preparation of nanofiltration

membranes for ionic or organic solutes [70], the formation

of cell culture media for islet immunoisolation [103] or for

wound-healing management by growth modulation of

fibroblasts [104] (Table 3). Moreover, the semi-IPN

structure can be more favourable than chitosan crosslinked

with itself for cultivating cells. For example, addition of

gelatine after crosslinking improves immobilisation yields

and mechanical properties and decreases enzyme release

[105]. Finally, the addition of poly(N-isopropylacrylamide)

in order to prepare a semi- or full-IPN, modifies

Table 3

Semi- or full-interpenetrating polymer networks containing crosslinked chitosan

Crosslinker Additional polymer Controlled release system Biomedical applications

Dialdehydes Glutaraldehyde Silk fibroin n.r. Artificial muscle converting

chemical energy into

mechanical energy [32].

Poly(N-isopropylacrylamide) pH- and temperature-sensitive gel [87]. n.r.

Polyether Hydrogel for the controlled delivery of Anticoagulant hydrogel

containing heparin [134].

cimetidine [85] or chlorhexidini acetas [84].

Gel beads with high drug-loading capacity

for oral delivery [91].

Polyvinyl pyrrolidone Freeze-dried hydrogel for

the controlled release of amoxicillin [61].

Hydrogel supporting growth

of epithelial cells and

inhibiting fibroblast growth for

wound healing [104].

Semipermeable hydrogel

membranes for islet

immunoisolation and

transplantation [103,123].

Poly(vinyl alcohol) Membrane for the sustained release of

vitamin B-12 [135].

Membrane for nanofiltration [70].

Membrane for the pH-controlled release of

insulin [136].

Glyoxal Polyethylene oxide Hydrogels for site-specific antibiotics

delivery in the stomach [35].

n.r.

Various N,N’-Methylene

bisacrylamide

Polyacrylamide Biocompatible hydrogel for controlled

delivery of amoxicillin [76].

n.r.

n.r., no reference available.
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the transparency of the system, in a temperature-dependent

manner [27,42]. However, no application is proposed yet for

these hydrogels.

3. Ionically crosslinked chitosan hydrogels

Most of the crosslinkers used to perform covalent

crosslinking may induce toxicity if found in free traces

before administration. A method to overcome this problem

and to avoid a purification and verification step before

administration is to prepare hydrogels by reversible ionic

crosslinking. Chitosan is a polycationic polymer, well

known for its chelating properties [93]. Therefore, reactions

with negatively charged components, either ions or

molecules, can lead to the formation of a network through

ionic bridges between polymeric chains, whose presence

can be demonstrated by IR spectra [106], turbidimetric

titration [107] or viscosimetry [24]. Since the nature of these

interactions is the same as in PEC, it is difficult to classify

separately these two types of network. Indeed, crosslinking

is usually considered as a bridge of MW much smaller than

the MW of the chains between two consecutive crosslinks

[23] and the MW of a small polymer forming a PEC and of

a large molecule allowing ionic crosslinking could converge

and become very close. However, the classification of the

examples presented in this review is simpler. In ionic

crosslinking, the entities reacting with chitosan are ions or

ionic molecules with a well-defined MW. In contrast, in

polyelectrolyte complexation, the entities reacting with

chitosan are polymers with a broad MW distribution [22].

3.1. Structure and interactions

Ionically crosslinked chitosan networks can be divided

into two groups depending on the type of crosslinker used,

either anions or anionic molecules. However, most of their

characteristics and properties are identical (see properties

and uses). Their structures, as represented in Fig. 1d are

very similar. A network is formed in the presence of

negatively charged entities, which form bridges between

the positively charged chitosan polymeric chains.

Ionic interactions between the negative charges of the

crosslinker and positively charged groups of chitosan are the

main interactions inside the network. Their nature depends

on the type of crosslinker. Metallic ions, which are

commonly used, induce the formation of coordinate-

covalent bonds between positively charged ammonium

groups of chitosan [24]. This type of bond is a stronger link

than the electrostatic interactions formed by the anionic

molecules used as crosslinker. In addition to the positively

charged ammonium groups of chitosan, other groups along

the chitosan chains, such as hydroxyl groups can also react

with the ionic crosslinker [108]. Moreover, additional

interactions can occur inside the network, such as

hydrophobic interactions favoured by a decrease of

the DD of chitosan [109] or interchain hydrogen bonds

due to the reduced electrostatic repulsion after neutralisation

of chitosan by the crosslinker [24,107,109]. Furthermore,

simultaneous formation of a PEC with an additional

polymer, such as chondroitin sulphate, can also occur [110].

3.2. Principles of formation

In order to prepare a polymeric network containing

ionically crosslinked chitosan, one needs at least a

charged ionic crosslinker and chitosan dispersed in a

solvent, commonly water. Moreover, an additional poly-

mer can be incorporated. As covalent crosslinking

requires multifunctional molecules as crosslinkers, ionic

crosslinking requires multivalent counter-ions as cross-

linkers to form bridges between polymeric chains. As

chitosan is a polycation, anions or anionic molecules are

generally required, but some cases are known where a

negatively charged chitosan derivative is ionically cross-

linked by cations, such as Fe(III) [108].

Metallic anions, as Mo(VI) [111] or Pt(II) [24], are

commonly used as ionic crosslinkers. Among anionic

molecules, phosphate-bearing groups, such as b-glycero-

phosphate [112] and particularly tripolyphosphate

[106,113] are commonly used. One should note here that

b-glycerophosphate does not seem to induce ionic cross-

linking [114]. However, the nature of its interaction with

chitosan is not clearly understood yet and its chemical

nature is very similar to molecules generally used as

chitosan crosslinkers. Therefore, these hydrogels are treated

in this section.

The incorporation of an additional non-reacting polymer

inside the network, such as gelatine, is possible and leads to

the formation of a structure of the semi-IPN type, already

presented in the first part. Crosslinking chitosan with sulfate

or citrate can lead to precipitation. However, addition of

gelatine, which should minimise interactions, followed by

crosslinking at low temperature allows the formation of

homogeneous gel beads [115].

Ionic crosslinking is a simple and mild procedure. In

contrast to covalent crosslinking, no auxiliary molecules

such as catalysts are required [107], which is of great

interest for medical or pharmaceutical applications. Indeed,

ionic crosslinking can be ensured by the classical method of

preparing a crosslinked network, namely by the addition of

the crosslinker, either solubilised [109] or dispersed

[24,111], to the chitosan solution. These methods allow

the formation of a homogeneous hydrogel by a random

crosslinking reaction [111]. Other methods for ionic

crosslinking of chitosan have also been developed to

modulate hydrogel properties, such as drug release.

Chitosan can be crosslinked by simply dipping pieces of

chitosan film into the crosslinker solution [115] or by adding

the chitosan solution to the crosslinker solution

[106,108,116] through a syringe for example. These latter

methods induce the formation of systems that are similar to
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gel particles. These are formed by an unreacted core and a

highly crosslinked surface that decreases and finally inhibits

the diffusion of crosslinker towards the core of the network

[108]. After crosslinking, networks can be further modified

by coating with other polymers via PEC formation to

prolong or modulate drug release. These polymers can be

heparin, pectin [107] or alginate [107,116].

As in covalently crosslinked hydrogels, the crosslinking

density is the main parameter influencing important proper-

ties of ionically crosslinked hydrogels, such as mechanical

strength, swelling and drug release [117]. Therefore, it is

important to determine the reaction conditions influencing

the crosslinking density, in order to be able to modulate the

properties of the network. The crosslinking reaction is

mainly influenced by the size of the crosslinker and the

global charges of chitosan and crosslinker during the

reaction. The smaller the molecular size of the crosslinker,

the faster is the crosslinking reaction, since its diffusion is

easier [118]. With respect to the influence of the global

charge, there is a difference between ions and ionic

molecules. The charge density of ions depends on the

oxidation number and is independent on the pH, whereas for

ionic molecules, the global charge density depends on their

pKa values and on the pH of the solution during the reaction,

as for chitosan [106,107,119], for which the macro pKa is

about 6.5 [120]. The global charge densities of chitosan and

crosslinker must be sufficiently high in order to allow

interactions and formation of a hydrogel. This means that

the pH during the crosslinking reaction must be in the

vicinity of the pKa interval of the chitosan and the

crosslinker. It should be noted that, if the pH is too high,

the positive charges of chitosan are neutralised and the

system is not ionically crosslinked but undergoes coacerva-

tion-phase inversion, since chitosan precipitates [118]. In

order to avoid chitosan precipitation, the pH of the solution

should not be higher than pH~6. This acidic pH can lower

the biocompatibility of the system. The use of

b-glycerophosphate allows neutralisation of the pH without

chitosan precipitation, and therefore favours biocom-

patibility [121]. Particular attention should be paid to

crosslinkers that can have a high charge density, ensuring a

high crosslinking density, such as tripolyphosphate. Indeed,

in order to allow a pH-dependent swelling with such

crosslinkers, crosslinking should be incomplete [117]. This

can be achieved by a short reaction time and a low

crosslinker concentration [115]. Another possibility to

obtain optimised networks, namely mechanically stable

but with high swelling and drug release, is the

combination of different crosslinkers, such as citrate and

tripolyphosphate [115].

Besides the size of the crosslinker and the global charge

densities, the crosslinking density is influenced by the

addition of another polymer. Moreover, it is obviously

influenced by the crosslinker concentration [24,115,122], as

well as the MW [24], DD [109] and concentration of

chitosan [24,113,122] and by the duration of the reaction

[108,116,122].

Since the crosslinking density is an important parameter

of the system, it is interesting to be able to follow the

reaction during formation of the network. This can be

performed with tripolyphosphate, which leads to the release

of OH2 during the crosslinking reaction, allowing the

reaction process to be monitored by pH measurement [106].

For the other hydrogels, the inability to follow the

crosslinking reaction, renders the modulation of their

properties more difficult. This aspect, therefore, warrants

further investigation.

3.3. Properties and medical applications

Networks formed by ionic crosslinking of chitosan are

mainly used for drug delivery. The properties of pH-

dependent drug delivery systems can be controlled by the

experimental conditions during preparation. They generally

exhibit pH-sensitive swelling and drug release by diffusion

[109,113,117] through their porous structure [109,111,123].

3.3.1. pH-sensitive swelling and drug release

Swelling is mainly influenced by ionic interactions

between chitosan chains, which depend on the crosslinking

density set during the formation of the network

[106,108,113]. An increase in crosslinking density induces

a decrease in swelling and pH-sensitivity, by improving the

stability of the network [106,118], and results in decreased

drug release. However, in ionically crosslinked hydrogels

the crosslinking density is further modified by external

conditions after administration, mainly by the pH of the

application medium [106,107,124]. It influences the global

charge densities of chitosan and crosslinker, which directly

determine the crosslinking density, interactions and swel-

ling. In contrast, in covalently crosslinked hydrogels, the

crosslinking density is not modified after administration

since these hydrogels are linked by irreversible bonds.

Consequently, ionically crosslinked hydrogels cannot only

swell in acidic but also in basic conditions (Fig. 3), which

extends their potential applications. If the pH decreases, the

charge density of the crosslinker and therefore the

crosslinking density decrease, which leads to swelling.

Moreover, swelling is favoured by the protonation and

repulsion of chitosan free ammonium groups. If the pH

decrease is too large, dissociation of ionic linkages and

dissolution of the network can occur [107,118], leading to a

fast drug release [115]. If the pH increases, the protonation

of chitosan decreases and induces a decrease of the

crosslinking density, allowing swelling. If the pH becomes

too high, amino groups of chitosan are neutralised and ionic

crosslinking is inhibited [111]. If the crosslinking density

becomes too small, interactions are no longer strong enough

to avoid dissolution and the ionic crosslinker is then

released [108,111]. On the other hand, a covalently

crosslinked hydrogel does not exhibit swelling in basic
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conditions and as the crosslinking density does not vary in a

covalently crosslinked hydrogel, swelling is less pro-

nounced but dissolution is avoided.

There are also some secondary parameters influencing

swelling and release in ionically crosslinked hydrogels. In

addition to its pH-sensitivity, swelling is ion-sensitive

because the presence of ions weakens ionic interactions

through a shielding effect, which increases swelling and

delivery [107,111,115]. Moreover, a decrease of the

chitosan MW lowers swelling and favours dissolution

[106]. In addition, drug release depends on the solubility

and MW of the drug [107] and is influenced by its

concentration inside the network [110].

The additional formation of a semi-IPN after ionic

crosslinking influences the drug delivery. Indeed, gelatine

modifies drug release profiles and improves the mechanical

strength of the network [115,116] and chondroitin sulfate

[110] modulates porosity and release [110]. In addition,

coating of networks via polyelectrolyte complexation

strengthens the network and increases drug loading and

sustained release capability [116].

3.3.2. Examples of use

Ionic crosslinking allows the formation of various

systems exhibiting controlled drug delivery. Indeed, it is

possible to prepare microspheres for the controlled release

of 6-mercaptopurine [108], films for the controlled release

of theophylline or 5-fluorouracil in the stomach [107] or

sponges for the controlled release of platelet-derived

growth factor-BB used in bone regeneration [110]. Other

examples are given in Table 4. It should be noticed that

the incorporation of active compounds such as guaifene-

sin, albumin or riboflavin certainly facilitates the

measurement of release from these systems, but this is

not the most interesting approach from a pharmacological

point of view. Interestingly, the addition of b-glyceropho-

sphate allows the preparation of a thermosetting hydrogel

that can be easily injected and that favours bone

regeneration [121]. Finally, the active compound in the

matrix can also serve as the anion, as in the case of

radioactive holmium-166. To the best of our knowledge,

this example is the only chitosan hydrogel among those

presented in this review, that has already been adminis-

tered in humans during a clinical trial [6].

4. Advantages and disadvantages of crosslinked chitosan

hydrogels

Among the four types of chitosan hydrogels presented

in the introduction, covalently crosslinked hydrogels are

the only systems characterised by a permanent network,

due to their irreversible chemical links. Therefore, they

exhibit good mechanical properties and can overcome

dissolution, even in extreme pH conditions, while the

other types of hydrogels are more labile. To obtain

hydrogels with these interesting characteristics, the use of

covalent crosslinkers is necessary. However, most of the

crosslinkers used thus far are either known to be relatively

toxic, or their fate in the human body is unknown and/or

there is a lack of data concerning their biocompatibility.

This requires to perform an additional purification and

verification step before the administration of the hydrogel

and may be problematic if free unreacted crosslinker is

anyway found in traces in the hydrogel before adminis-

tration. For the moment, the choice of safe, biocompatible

covalent crosslinkers is quite limited, which is the main

drawback of these systems. The use of derivatives of

biocompatible polymers as crosslinkers represents a

possible solution but their functionalisation often requires

the use of auxiliary molecules, which have the same

disadvantages as crosslinkers. Interesting alternatives are

emerging, such as genipin. However, even with a safe

biocompatible crosslinker, covalently crosslinked

hydrogels would not necessarily be the best choice for

Fig. 3. pH-sensitive swelling of an ionically crosslinked chitosan hydrogel

containing an ionic molecule as crosslinker; , charged ionic crosslinker;

, uncharged ionic crosslinker; þ , positive charge of chitosan; , ionic

interaction; , chitosan.
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each application since their use is limited by their lack of

swelling and absence of pH-controlled release in basic

conditions. Moreover, links can be disrupted when the

hydrogel undergoes deformation, as during injection

though a needle and a covalently crosslinked hydrogel

does not spontaneously reform, unlike most physical

hydrogels prepared by ionic crosslinking, complexation or

aggregation. Covalently crosslinked chitosan hydrogels

are interesting for applications where a well-shaped

system is required, as for the formation of implants or

bandages, or for the preparation of gel particles for oral

administration exhibiting pH-dependent drug release in

acidic conditions. Nevertheless, we believe that unless

safe covalent crosslinkers with well-documented biocom-

patibility and metabolism are available, alternative

hydrogels, such as ionically crosslinked hydrogels, should

be preferred.

Ionic crosslinking is an extremely simple and mild

method for preparing hydrogels. Moreover, ionically

crosslinked chitosan hydrogels are generally thought to be

well-tolerated and their potential medical and pharmaceu-

tical applications are numerous since ionic crosslinkers are

often biocompatible. Ionically crosslinked chitosan hydro-

gels offer more possibilities as drug delivery systems

compared to covalently crosslinked hydrogels. They can

be used for controlled release not only in acidic but also in

basic media, for rapid release by dissolution and as

thermogelling systems. However, their main disadvantages

are the possible lack of mechanical stability and the risk of

dissolution of the system, due to a highly pH-sensitive

swelling.
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[26] W. Argüelles-Monal, F.M. Goycoolea, C. Peniche, I. Higuera-

Ciapra, Rheological study of the chitosan / glutaraldehyde chemical

gel system, Polym. Gels Netw. 6 (1998) 429–440.

[27] M.Z. Wang, Y. Fang, D.D. Hu, Preparation and properties of

chitosan-poly(N-isopropylacrylamide) full-IPN hydrogels, React.

Funct. Polym. 48 (2001) 215–221.

[28] K.I. Draget, Associating phenomena in highly acetylated chitosan

gels, Polym. Gels Netw. 4 (1996) 143–151.

[29] Y.J. Yin, F. Zhao, X.F. Song, K.D. Yao, W.W. Lu, J.C. Leong,

Preparation and characterization of hydroxyapatite/chitosan-gela-

tin network composite, J. Appl. Polym. Sci. 77 (2000)

2929–2938.

[30] K.D. Yao, T. Peng, M.F.A. Goosen, J.M. Min, Y.Y. He, pH-

sensitivity of hydrogels based on complex forming chitosan:

polyether interpenetrating polymer network, J. Appl. Polym. Sci.

48 (1993) 343–354.

[31] Y.L. Guan, L. Shao, K.D. Yao, A. study, on correlation between

water state and swelling kinetics of chitosan-based hydrogels,

J. Appl. Polym. Sci. 61 (1996) 2325–2335.

[32] X. Chen, W. Li, W. Zhong, Y. Lu, T. Yu, pH sensitivity and ion

sensitivity of hydrogels based on complex-forming chitosan/silk

fibroin interpenetrating polymer network, J. Appl. Polym. Sci. 65

(1997) 2257–2262.

[33] M.N. Khalid, L. Ho, J.L. Agnely, J.L. Grossiord, G. Couarraze,

Swelling properties and mechanical characterization of a semi-

interpenetrating chitosan/polyethylene oxide network. Comparison

with a chitosan reference gel, STP Pharm. Sci. 9 (1999)

359–364.

[34] D. Capitani, A.A. De Angelis, V. Crescenzi, G. Masci, A.L. Segre,

N.M.R. study, of a novel chitosan-based hydrogel, Carbohydr.

Polym. 45 (2001) 245–252.

[35] V.R. Patel, M.M. Amiji, Preparation and characterization of freeze-

dried chitosan-poly(ethylene oxide) hydrogels for site-specific

antibiotic delivery in the stomach, Pharm. Res. 13 (1996) 588–593.

[36] A.S. Aly, Self-dissolving chitosan. I. Preparation, characterization

and evaluation for drug delivery system, Angew. Makromol. Chem.

259 (1998) 13–18.

[37] K. Yamada, T.H. Chen, G. Kumar, O. Vesnovsky, L.D.T. Topoleski,

G.F. Payne, Chitosan based water-resistant adhesive. Analogy to

mussel glue, Biomacromol 1 (2000) 252–258.

[38] E.B. Denkbas, M. Seyyal, E. Piskin, Implantable 5-fluorouracil

loaded chitosan scaffolds prepared by wet spinning, J. Membr. Sci.

172 (2000) 33–38.

[39] K.D. Yao, Y.J. Yin, M.X. Xu, Y.F. Wang, Investigation of pH-

sensitive drug delivery system of chitosan/gelatin hybrid polymer

network, Polym. Int. 38 (1995) 77–82.

[40] S. Dumitriu, P.F. Vidal, E. Chornet, Hydrogels based on poly-

saccharides, in: S. Dumitriu (Ed.), Polysaccharides in Medicinal

Applications, vol. 1, Marcel Dekker, New York, 1999, pp. 125–241.

[41] G.X. Cheng, J. Liu, R.Z. Zhao, K.D. Yao, P.C. Sun, A.J. Men, W.H.

Wang, L. Wei, Studies on dynamic behavior of water in crosslinked

chitosan hydrogel, J. Appl. Polym. Sci. 67 (1998) 983–988.

[42] M.Z. Wang, J.C. Qiang, Y. Fang, D.D. Hu, Y.L. Cui, X.G. Fu,

Preparation and properties of chitosan-poly(N-isopropylacrylamide)

semi-IPN hydrogels, J. Polym. Sci. Part A Polym. Chem. 38 (2000)

474–481.

[43] B. Ballantyne, S.L. Jordan, Toxicological, medical and industrial

hygiene aspects of glutaraldehyde with particular reference to its

biocidal use in cold sterilization procedures, J. Appl. Toxicol. 21

(2001) 131–151.

[44] H.W. Leung, Ecotoxicology of glutaraldehyde: Review of environ-

mental fate and effects studies, Ecotoxicol. Environ. Saf. 49 (2001)

26–39.

[45] R.O. Beauchamp, M.B. St Clair, T.R. Fennell, D.O. Clarke, K.T.

Morgan, A critical review of the toxicology of glutaraldehyde, Crit.

Rev. Toxicol. 22 (1992) 143–174.

[46] N. Murata-Kamiya, H. Kamiya, H. Kaji, H. Kasai, Mutational

specificity of glyoxal, a product of DNA oxidation, in the lacI gene of

wild-type Escherichia coli W3110, Mutat. Res. 377 (1997)

255–262.

[47] A.A. De Angelis, D. Capitani, V. Crescenzi, Synthesis and 13C CP-

MAS NMR characterisation of a new chitosan-based polymeric

network, Macromolecules 31 (1998) 1595–1601.

J. Berger et al. / European Journal of Pharmaceutics and Biopharmaceutics 57 (2004) 19–34 31



[48] S. Hirano, R. Yamaguchi, N. Fukui, M. Iwata, A. chitosan, oxalate

gel: its conversion to an N-acetylchitosan gel via a chitosan gel,

Carbohydr. Res. 201 (1990) 145–149.

[49] F.L. Mi, H.W. Sung, S.S. Shyu, Synthesis and characterization of a

novel chitosan-based network prepared using naturally occurring

crosslinker, J. Polym. Sci. Part A Polym. Chem. 38 (2000)

2804–2814.

[50] S. Klug, H.J. Merker, R. Jackh, Effects of ethylene glycol and

metabolites on in vitro development of rat embryos during

organogenesis, Toxicol. Vitro 15 (2001) 635–642.

[51] F.L. Mi, Y.C. Tan, H.F. Liang, H.W. Sung, In vivo biocompatibility

and degradability of a novel injectable-chitosan-based implant,

Biomaterials 23 (2002) 181–191.

[52] H.W. Sung, R.N. Huang, L.L. Huang, C.C. Tsai, In vitro evaluation

of cytotoxicity of a naturally occurring cross-linking reagent for

biological tissue fixation, J. Biomater. Sci. Polym. Edn. 10 (1999)

63–78.

[53] S.S. Kim, Y.M. Lee, C.S. Cho, Synthesis and properties of semi-

interpenetrating polymer networks composed of b-chitin and

poly(ethylene glycol) macromer, Polymer 36 (1995) 4497–4501.

[54] V. Crescenzi, G. Paradossi, P. Desideri, M. Dentini, F. Cavalieri, E.

Amici, R. Lisi, New hydrogels based on carbohydrate and on

carbohydrate-synthetic polymer networks, Polym. Gels Netw. 5

(1997) 225–239.

[55] A. Dal Pozzo, L. Vanini, M. Fagnoni, M. Guerrini, A. De Benedittis,

R. Muzzarelli, Preparation and characterization of poly(ethylene

glycol)-crosslinked reacetylated chitosans, Carbohydr. Polym. 42

(2000) 201–206.

[56] V. Crescenzi, D. Imbriaco, C.L. Velasquez, M. Dentini, A. Ciferri,

Novel types of polysaccharidic assemblies, Macromol. Chem. Phys.

196 (1995) 2873–2880.

[57] C. Airoldi, O.A.C. Monteiro, Chitosan-organosilane hybrids-synth-

eses, characterization, copper adsorption and enzyme immobiliz-

ation, J. Appl. Polym. Sci. 77 (2000) 797–804.

[58] Y.L. Guan, L. Shao, K.D. Yao, State of water in the pH-sensitive

chitosan-polyether semi-IPN hydrogel, J. Appl. Polym. Sci. 61

(1996) 393–400.

[59] K.D. Yao, J. Liu, G.X. Cheng, R.Z. Zhao, W.H. Wang, L. Wei, The

dynamic swelling behaviour of chitosan-based hydrogels, Polym.

Int. 45 (1998) 191–194.

[60] S.J. Lee, S.S. Kim, Y.M. Lee, Interpenetrating polymer network

hydrogels based on poly(ethylene glycol) macromer and chitosan,

Carbohydr. Polym. 41 (2000) 197–205.

[61] M.V. Risbud, A.A. Hardikar, S.V. Bhat, R.R. Bhonde, pH-sensitive

freeze-dried chitosan-polyvinyl pyrrolidone hydrogels as controlled

release system for antibiotic delivery, J. Controlled Release 68

(2000) 23–30.

[62] K.C. Gupta, M.N.V.R. Kumar, Semi-interpenetrating polymer

network beads of crosslinked chitosan-glycine for controlled release

of chlorphenramine maleate, J. Appl. Polym. Sci. 76 (2000)

672–683.

[63] M.V. Risbud, S.V. Bhat, Properties of polyvinyl pyrrolidone/beta-

chitosan hydrogel membranes and their biocompatibility evaluation

by haemorheological method, J. Mater. Sci. Mater. Med. 12 (2001)

75–79.

[64] H.F. Wang, W.J. Li, Y.H. Lu, Z.L. Wang, Studies on chitosan and

poly(acrylic acid) interpolymer complex. 1. Preparation, structure,

pH-sensitivity, and salt sensitivity of complex-forming poly(acrylic

acid)-chitosan semi-interpenetrating polymer network, J. Appl.

Polym. Sci. 65 (1997) 1445–1450.

[65] L. Shahabeddin, O. Damour, F. Berthod, P. Rousselle, G. Saintigny,

C. Collombel, Reconstructed skin from co-cultured human kerati-

nocytes and fibroblasts on chitosan crosslinked collagen-GAG

matrix, J. Mater. Sci. Mater. Med. 2 (1991) 222–226.

[66] Q.Q. Zhang, L.R. Liu, L. Ren, F.J. Wang, Preparation and

characterization of collagen-chitosan composites, J. Appl. Polym.

Sci. 64 (1997) 2127–2130.

[67] H. Wang, W. Li, Y. Lu, Z. Wang, Studies on chitosan and

poly(acrylic acid) interpolymer complex. I. Preparation, structure,

pH-sensitivity and salt sensitivity of complex-forming poly(acrylic

acid): chitosan semi-interpenetrating polymer network, J. Appl.

Polym. Sci. 65 (1997) 1445–1450.

[68] J. Manero, J. Filbey, P. Boderke, Nanoparticles, method for their

preparation and their use for applying bioactive materials, Patent DE

19810965, 1999

[69] J.H. Kim, J.Y. Kim, M.Y. Lee, K.Y. Kim, Properties and swelling

characteristics of cross-linked poly(vinyl alcohol)/chitosan blend

membrane, J. Appl. Polym. Sci. 45 (1992) 1711–1717.

[70] J. Jegal, K.H. Lee, Nanofiltration membranes based on poly(vinyl

alcohol) and ionic polymers, J. Appl. Polym. Sci. 72 (1999)

1755–1762.

[71] S.Y. Kim, S.M. Cho, Y.M. Lee, S.J. Kim, Thermo- and pH-

responsive behaviors of graft copolymer and blend based on chitosan

and N-isopropylacrylamide, J. Appl. Polym. Sci. 78 (2000)

1381–1391.

[72] K. Yagi, N. Michibayashi, N. Kurikawa, Y. Nakashima, T.

Mizoguchi, A. Harada, S. Higashiyama, H. Muranaka, M. Kawase,

Effectiveness of fructose-modified chitosan as a scaffold for

hepatocyte attachment, Biol. Pharm. Bull. 20 (1997) 1290–1294.

[73] D.J. Costain, R. Kennedy, C. Ciona, V.C. McAlister, T.D. Lee,

Prevention of postsurgical adhesions with N,O-carboxymethyl

chitosan: examination of the most efficacious preparation and the

effect of N,O-carboxymethyl chitosan on postsurgical healing,

Surgery 121 (1997) 314–319.

[74] F.L. Mi, C.Y. Kuan, S.S. Shyu, S.T. Lee, S.F. Chang, The study of

gelation kinetics and chain-relaxation properties of glutaraldehyde-

cross-linked chitosan gel and their effects on microspheres prep-

aration and drug release, Carbohydr. Polym. 41 (2000) 389–396.

[75] J.Z. Knaul, S.M. Hudson, K.A.M. Creber, Crosslinking of chitosan

fibers with dialdehydes: Proposal of a new reaction mechanism,

J. Polym. Sci. Part B Polym. Phys. 37 (1999) 1079–1094.

[76] M.V. Risbud, R.R. Bhonde, Polyacrylamide-chitosan hydrogels: in

vitro biocompatibility and sustained antibiotic release studies, Drug

Deliv. J. Deliv. Targ. Ther. Agents 7 (2000) 69–75.

[77] D. Thacharodi, K.P. Rao, Propanolol hydrochloride release beha-

viour of crosslinked chitosan membranes, J. Chem. Technol.

Biotechnol. 58 (1993) 177–181.

[78] Y. Bolgul, S. Hekimoglu, I. Sahinerdemli, H.S. Kas, Evaluation of

oxprenolol hydrochloride permeation through isolated human skin

and pharmacodynamic effect in rats, STP Pharm. Sci. 8 (1998)

197–201.

[79] D. Capitani, V. Crescenzi, A.A. De Angelis, A.L. Segre, Water in

hydrogels. An NMR study of water/polymer interactions in weakly

cross-linked chitosan networks, Macromolecules 34 (2001)

4136–4144.

[80] C. Tual, E. Espuche, M. Escoubes, A. Domard, Transport properties

of chitosan membranes: Influence of crosslinking, J. Polym. Sci. Part

B Polym. Phys. 38 (2000) 1521–1529.

[81] H. Jiang, W. Su, M. Brant, D. Tomlin, T.J. Bunning, Chitosan gel

systems as novel host materials for optical limiters, Mater. Res. Soc.

Symp. Proc. 479 (1997) 129–134.

[82] V. Crescenzi, M. Dentini, A.E.J. De Nooy, A. Francescangeli, G.

Masci, Novel synthetic routes to hydrogels, Polym. Prep. 41 (2000)

718–719.

[83] B.S. Rao, K.V. Murthy, Preparation and in vitro evaluation of

chitosan matrices cross-linked by formaldehyde vapors, Drug Dev.

Ind. Pharm. 26 (2000) 1085–1090.

[84] K.D. Yao, T. Peng, H.B. Feng, Y.Y. He, Swelling kinetics and

release characteristic of crosslinked chitosan-polyether polymer

network (semi-IPN) hydrogels, J. Polym. Sci. Part A Polym. Chem.

32 (1994) 1213–1223.

[85] K.D. Yao, T. Peng, M.X. Xu, C. Yuan, M.F.A. Goosen, Q.Q. Zhang,

L. Ren, pH-dependent hydrolysis and drug release of chitosan

J. Berger et al. / European Journal of Pharmaceutics and Biopharmaceutics 57 (2004) 19–3432



polyether interpenetrating polymer network hydrogel, Polym. Int. 34

(1994) 213–219.

[86] S. Suto, N. Ui, Chemical crosslinking of hydroxypropyl cellulose

and chitosan blends, J. Appl. Polym. Sci. 61 (1996) 2273–2278.

[87] W.F. Lee, Y.J. Chen, Studies on preparation and swelling properties

of the N-isopropylacrylamide/chitosan semi-IPN and IPN hydrogels,

J. Appl. Polym. Sci. 82 (2001) 2487–2496.

[88] D. Thacharodi, K.P. Rao, Development and in vitro evaluation of

chitosan-based transdermal drug delivery systems for the controlled

delivery of propanolol hydrochloride, Biomaterials 16 (1995)

145–148.

[89] F.L. Mi, H.W. Sung, S.S. Shyu, Drug release from chitosan–alginate

complex beads reinforced by a naturally occurring cross-linking

agent, Carbohydr. Polym. 48 (2002) 61–72.

[90] F.L. Mi, Y.C. Tan, H.C. Liang, R.N. Huang, H.W. Sung, In vitro

evaluation of a chitosan membrane cross-linked with genipin,

J. Biomater. Sci. Polym. Edn. 12 (2001) 835–850.

[91] K.C. Gupta, M.N.V.R. Kumar, Studies on semi-interpenetrating

polymer network beads of chitosan-poly(ethylene glycol) for the

controlled release of drugs, J. Appl. Polym. Sci. 80 (2001)

639–649.

[92] V. Ramakrishnan, K.M. Lathika, S.J. Dsouza, B.B. Singh, K.G.

Raghavan, Investigation with chitosan-oxalate oxidase–catalase

conjugate for degrading oxalate from hyperoxaluric rat chyme,

Indian J. Biochem. Biophys. 34 (1997) 373–378.

[93] E. Guibal, N.V. Sweeney, M.C. Zikan, T. Vincent, J.M. Tobin,

Competitive sorption of platinum and palladium on chitosan

derivatives, Int. J. Biol. Macromol. 28 (2001) 401–408.

[94] E.A. Merkovich, M.L. Carruette, V.G. Babak, G.A. Vikhoreva, L.S.

Gal’braikh, V.E. Kim, Kinetics of the initial stage of gelation in

chitosan solutions containing glutaric aldehyde: viscosimetric study,

Colloid J. (2001) (2001) 3–350.

[95] W.S.W. Ngah, C.S. Endud, R. Mayanar, Removal of copper(II) ions

from aqueous solution onto chitosan and cross-linked chitosan beads,

React. Funct. Polym. 50 (2002) 181–190.

[96] E. Guibal, C. Milot, O. Eterradossi, C. Gauffier, A. Domard, Study of

molybdate ion sorption on chitosan gel beads by different spectro-

metric analyses, Int. J. Biol. Macromol. 24 (1999) 49–59.

[97] M. Kawase, N. Michibayashi, Y. Nakashima, N. Kurikawa, Y. Yagi,

T. Mizoguchi, Application of glutaraldehyde-crosslinked chitosan as

a scaffold for hepatocyte attachment, Biol. Pharm. Bull. 20 (1997)

708–710.

[98] P.R. Oswald, R.A. Evans, W. Henderson, R.M. Daniel, C.J. Fee,

Properties of a thermostable b-glucosidase immobilized using

tris(hydroxymethyl)phosphine as a highly effective coupling agent,

Enzyme Microb. Technol. 23 (1998) 14–19.

[99] G. Spagna, F. Andreani, E. Salatelli, D. Romagnoli, P.G. Pifferi,

Immobilization of a-L-arabinofuranosidase on chitin and chitosan,

Proc. Biochem. 33 (1998) 57–62.

[100] R. Vazquer-Duhalt, R. Tinoco, P. D’Antonio, L.D. Topoleski, G.F.

Payne, Enzyme conjugation to the polysaccharide chitosan: smart

biocatalysts and biocatalytic hydrogels, Bioconjug. Chem. 12 (2002)

301–306.

[101] W. Tan, R. Krishnaraj, T.A. Desai, Evaluation of nanostructured

composite collagen-chitosan matrices for tissue engineering, Tissue

Eng. 7 (2001) 203–210.

[102] N. Shanmugasundaram, P. Ravichandran, P.N. Reddy, N. Rama-

murty, S. Pal, K.P. Rao, Collagen-chitosan polymeric scaffolds for

the in vitro culture of human epidermoid carcinoma cells,

Biomaterials 22 (2001) 1943–1951.

[103] M.V. Risbud, A.A. Hardikar, R.R. Bhonde, Chitosan-polyvinyl

pyrrolidone hydrogels as candidate for islet immunoisolation: in

vitro biocompatibility evaluation, Cell Transplant. 9 (2000)

25–31.

[104] M.V. Risbud, A.A. Hardikar, R.R. Bhonde, Growth modulation of

fibroblasts by chitosan–polyvinyl pyrrolidone hydrogel: implication

for wound management?, J. Biosci. 25 (2000) 25–31.

[105] G. Spagna, R.N. Barbagallo, E. Greco, I. Manenti, P.G. Pifferi, A.

mixture, of purified glycosidases from Aspergillus niger for

oenological application immobilised by inclusion in chitosan gels,

Enzyme Microb. Technol. 30 (2002) 80–89.

[106] F.L. Mi, S.S. Shyu, T.B. Wong, S.F. Jang, S.T. Lee, K.T. Lu,

Chitosan polyelectrolyte complexation for the preparation of gel

beads and controlled release of anticancer drug. II. Effect of pH-

dependent ionic crosslinking or interpolymer complex using

tripolyphosphate or polyphosphate as reagent, J. Appl. Polym. Sci.

74 (1999) 1093–1107.

[107] X.Z. Shu, K.J. Zhu, W. Song, Novel pH-sensitive citrate cross-linked

chitosan film for drug controlled release, Int. J. Pharm. 212 (2001)

19–28.

[108] F.L. Mi, C.T. Chen, Y.C. Tseng, C.Y. Kuan, S.S. Shyu, Iron(III)-

carboxymethylchitin microsphere for the pH-sensitive release of 6-

mercaptopurine, J. Controlled Release 44 (1997) 19–32.

[109] E. Ruel-Gariepy, A. Chenite, C. Chaput, S. Guirguis, J.-C. Leroux,

Characterization of thermosensitive chitosan gels for the sustained

delivery of drugs, Int. J. Pharm. 203 (2000) 89–98.

[110] J.Y. Lee, S.H. Nam, S.Y. Im, Y.J. Park, Y.M. Lee, Y.J. Seol, C.P.

Chung, S.J. Lee, Enhanced bone formation by controlled growth

factor delivery from chitosan-based biomaterials, J. Controlled

Release 78 (2002) 187–197.

[111] K.I. Draget, K.M. Varum, E. Moen, H. Gynnild, O. Smidsrod,

Chitosan cross-linked with Mo(VI) polyoxyanions: a new gelling

system, Biomaterials 13 (1992) 635–638.

[112] A. Chenite, C. Chaput, C. Combes, F. Jalal, A. Selmani, Tempera-

ture-controlled pH-dependant formation of ionic polysaccharide

gels, Patent WO 99/07416, 1999.

[113] A.D. Sezer, J. Akbuga, Controlled release of piroxicam from

chitosan beads, Int. J. Pharm. 121 (1995) 113–116.

[114] A. Chenite, M. Buschmann, D. Wang, C. Chaput, N. Kandani,

Rheological characterisation of thermogelling chitosan/glycero-

phosphate solutions, Carbohydr. Polym. 46 (2001) 39–47.

[115] X.Z. Shu, K.J. Zhu, Controlled drug release properties of ionically

cross-linked chitosan beads: the influence of anion structure, Int.

J. Pharm. 233 (2002) 217–225.

[116] X. Shu, K.J. Zhu, A. novel, approach to prepare tripolyphosphate/

chitosan complex beads for controlled release drug delivery, Int.

J. Pharm. 201 (2000) 51–58.

[117] C. Remunan-Lopez, R. Bodmeier, Mechanical, water uptake and

permeability properties of crosslinked chitosan glutamate and

alginate films, J. Controlled Release 44 (1997) 215–225.

[118] F.L. Mi, S.S. Shyu, S.T. Lee, T.B. Wong, Kinetic study of chitosan–

tripolyphosphate complex reaction and acid-resistive properties of

the chitosan–tripolyphosphate gel beads prepared by in-liquid

curing method, J. Polym. Sci. Part B Polym. Phys. 37 (1999)

1551–1564.

[119] N. Kubota, Y. Kikuchi, Preparation and properties of macromolecu-

lar complexes consisting of chitosan derivatives and potassium

metaphosphate, Makromol. Chem. 193 (1992) 559–566.

[120] J.W. Lee, S.Y. Kim, S.S. Kim, Y.M. Lee, K.H. Lee, S.J. Kim,

Synthesis and characteristics of interpenetrating polymer network

hydrogel composed of chitosan and poly(acrylic acid), J. Appl.

Polym. Sci. 73 (1999) 113–120.

[121] A. Chenite, C. Chaput, D. Wang, C. Combes, M.D. Buschmann,

C.D. Hoemann, J.-C. Leroux, B.L. Atkinson, F. Binette, A. Selmani,

Novel injectable neutral solutions of chitosan form biodegradable

gels in situ, Biomaterials 21 (2000) 2155–2161.

[122] H. Dureja, A.K. Tiwary, S. Gupta, Simulation of skin permeability in

chitosan membranes, Int. J. Pharm. 213 (2001) 193–198.

[123] M.V. Risbud, M. Bhonde, R.R. Bhonde, Chitosan-polyvinyl

pyrrolidone hydrogel does not activate macrophages: Potentials for

transplantation applications, Cell Transplant. 10 (2001) 195–202.

[124] B. Vazquez, M. Gurruchaga, I. Goni, Hydrogels based on graft

copolymerization of HEMA/BMA mixtures onto soluble gelatin:

swelling behaviour, Polymer 36 (1995) 2311–2314.

J. Berger et al. / European Journal of Pharmaceutics and Biopharmaceutics 57 (2004) 19–34 33



[125] L. Illum, P. Watts, A.N. Fisher, I.J. Gill, S.S. Davis, Novel chitosan-

based delivery systems for the nasal administration of a LHRH-

analogue, STP Pharm. Sci. 10 (2000) 89–94.

[126] M.A. Abdel-Naby, A.M.S. Ismail, A.M. Abdel-Fattah, A.F. Abdel-

Fattah, Preparation and some properties of immobilized Penicilli-

num funiculosum 258 destranase, Process Biochem. 34 (1999)

391–398.

[127] G.M.J. Carvalho, T.L.M. Alves, D.M.G. Freire, L-DOPA production

by immobilized tyrosinase, Appl. Biochem. Biotechnol. 84 (2000)

791–800.

[128] Y. Miao, L.S. Chia, N.K. Goh, S.N. Tan, Amperometric glucose

biosensor based on immobilization of glucose oxidase in chitosan

matrix cross-linked with glutaraldehyde, Electroanalysis 13 (2001)

347–349.

[129] H.P. Gong, Y.H. Zhong, J.C. Li, Y.D. Gong, N.M. Zhao, X.F. Zhang,

Studies on nerve cell affinity of chitosan-derived materials,

J. Biomed. Mater. Res. 52 (2000) 285–295.

[130] C. Burger, D. Valcarenghi, S. Sandri, C.A. Rodrigues, Cross-linking

chitosan-Fe(III), an oral phosphate binder: studies in vitro and in

vivo, Int J Pharm 223 (2001) 29–33.

[131] T.C.J. Lee, H.W. Sung, Chemical modification of biomedical

materials with genipin, Patent WO 98/19718, 1998.

[132] M. Sano, O. Hosoya, S. Taoka, T. Seki, T. Kawaguchi, K.

Sugibayashi, K. Juni, Y. Morimoto, Relationship between solubility

of chitosan in alcoholic solution and its gelation, Chem. Pharm. Bull.

47 (1999) 1044–1046.

[133] B. Nies, Cross-linking products of amino-group-containing biopo-

lymers, Patent WO 97/29132, 1997.

[134] M.S. Beena, T. Chandy, C.P. Sharma, Heparin immobilized

chitosan–poly ethylene glycol interpenetrating network: antithrom-

bogenicity, Artif. Cells Blood Substit. Immobil. Biotechnol. 23

(1995) 175–192.

[135] S. Nakatsuka, A.L. Andrady, Permeability of vitamin B-12 in

chitosan membranes. Effect of crosslinking and blending with

poly(vinyl alcohol) on permeability, J. Appl. Polym. Sci. 44 (1992)

17–28.

[136] J.H. Kim, J.Y. Kim, Y.M. Lee, K.Y. Kim, Controlled release of

riboflavin and insulin through crosslinked poly(vinyl alcohol)/

chitosan blend membrane, J. Appl. Polym. Sci. 44 (1992)

1823–1828.

[137] M. Mattioli Belmonte, A. De Benedittis, R. Mongiorgi, M.G.

Gandolfi, R. Giardino, G. Biagini, G. Valdre, R. Muzzarelli, C.

Prati, G. Dolci, Bioactivity of chitosan in dentistry. Preliminary

data on chitosan-based cements, Minerva Stomatol. 48 (1999)

567–576.

[138] A. Ghanem, D. Skonberg, Effect of preparation method on the

capture and release of biologically active molecules in chitosan gel

beads, J. Appl. Polym. Sci. 84 (2002) 405–413.

J. Berger et al. / European Journal of Pharmaceutics and Biopharmaceutics 57 (2004) 19–3434


	Structure and interactions in covalently and ionically crosslinked chitosan hydrogels for biomedical applications
	Introduction
	Covalently crosslinked chitosan hydrogels
	Structure and interactions
	Principles of formation
	Properties and medical applications

	Ionically crosslinked chitosan hydrogels
	Structure and interactions
	Principles of formation
	Properties and medical applications

	Advantages and disadvantages of crosslinked chitosan hydrogels
	References


